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Abstract. Onchocerciasis is a neglected tropical disease (NTD) caused by Onchocerca
Diesing 1841 (Spirurida: Onchocercidae) nematodes transmitted by blackflies. It is
associated with poverty and imposes a significant health, welfare and economic
burden on many tropical countries. Current methods to visualize infections within
the vectors rely on invasive methods. However, using micro-computed tomography
techniques, without interference from physical tissue manipulation, we visualized in
three dimensions for the first time an L1 larva of an Onchocerca species within the
thoracic musculature of a blackfly, Simulium damnosum s.l. Theobald 1903 (Diptera:
Simuliidae), naturally infected in Ghana. The possibility that thicker peritrophic
membranes in savannah flies could account for their lower parasite loads was not
supported, but there were limits to our analysis. While there were no statistically
significant differences between the mean thicknesses of the peritrophic membranes,
in the anterior, dorsal and ventral regions, of forest and savannah blackflies killed
34–48 min after a blood-meal, the thickness of the peritrophic membrane in the posterior
region could not be measured. Micro-computed tomography has the potential to provide
novel information on many other parasite/vector systems and impactful images for
public engagement in health education.
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Introduction
Onchocerciasis is a neglected tropical disease (NTD) caused
by Onchocerca volvulus (Leuckart 1893) (Spirurida: Onchocer-
cidae) nematodes that are transmitted by blackflies, Simulium
Latreille 1802 species (Diptera: Simuliidae). It is associated
Correspondence: M. J. R. Hall, Natural History Museum, London, UK. Tel.: 07761625748, +447761625748; E-mail: m.hall@nhm.ac.uk
with poverty and so-called “resource poor” settings, where it can
seriously reduce household productivity (Ibe et al., 2015) and
it imposes a significant health, welfare and economic burden
on many tropical countries. The main focus of onchocerci-
asis burden remains in Africa (Colebunders et al., 2018a)
where a 2017 study estimated that 99% of worldwide cases
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occurred, with almost 21 million people infected in 31 countries
(CDC, 2020). Following treatments with the microfilarial drug
ivermectin in the Americas, the disease there is now restricted
to a focus straddling the border between Brazil and Venezuela
(CDC, 2020; Gustavsen et al., 2011). Onchocerciasis not only
causes blindness and skin disease, but there is growing evi-
dence that it is associated with epilepsy and nodding syndrome
(Colebunders et al., 2018b; Vinkeles Melchers et al., 2018).
In research on the infection of vectors with disease agents
that cause NTDs, there is scope for visualization techniques
to improve the fundamental understanding of parasite-vector
interactions, the basis of vectorial competence and transmis-
sion. Precise spatio-temporal information on the progress of
an infection can tell us much about the interactions required
for successful colonization and transmission. However, visu-
alization of these interactions within the vectors, including
Onchocerca within Simulium, has hitherto proven difficult,
relying on invasive dissection methods (e.g. Bain, 1969; Trpis
et al., 2001). Micro-computed tomography, micro-CT, has
proven to be a powerful non-invasive tool for visualizing the
internal morphology of insects, such as the intra-puparial devel-
opment and metamorphosis within the puparium of blow flies
(Diptera: Calliphoridae) and bot flies (Diptera: Oestridae) (Hall
& Martín-Vega, 2019; Martín-Vega et al., 2017, 2020). It has
also recently been seen as an emerging opportunity in parasite
imaging, used to reveal parasitization of mice with the mouse
whipworm, Trichuris muris (Schrank 1788) (Trichocephalida:
Trichuridae), a nematode (O’Sullivan et al., 2018), as well
as of ants infected with the lancet liver-fluke, Dicrocoelium
dendriticum (Rudolphi 1819) (Plagiorchiida: Dicrocoeliidae)
(Martín-Vega et al., 2018).
In onchocerciasis studies it remains unclear why some species
are good vectors and others are inefficient at or incapable of
transmission (Adler et al., 2010; Cheke & Garms, 2013). The
peritrophic membrane (PM: note that Terra et al., 2019, rec-
ommend avoiding the use of the term peritrophic matrix) is
one potential anatomical structure in the blackfly that could
have a role to play in infection post blood-meal as the ingested
microfilariae have to pass through it towards the ecto-peritrophic
space and beyond to establish an infection (Bain & Philip-
pon, 1970; Basáñez et al., 2009). The rate of hardening of
the PM and its final thickness are considered likely to influ-
ence the vector capacity of the blackfly (Ramos et al., 1994).
The membrane forms within 30 s after a blood meal, envelop-
ing the ingested blood and often trapping ingested microfilariae
of Onchocerca, which die and are digested within it (Bain &
Philippon, 1970; Lewis, 1953). One hypothesis is that the PM
is thicker and better sealed in savannah than in forest members
of the S. damnosum complex, such that the latter can support
more Onchocerca larvae (Bain et al., 1976; Philippon, 1977).
Eichner et al. (1991) showed that for Cameroonian species of
Simulium, savannah flies supported the development of forest
O. volvulus better than forest flies after infection by intratho-
racic injection of microfilariae. This was the reverse of the
result after natural per os infections. Therefore, they concluded
that the PM was the main barrier against larval development
after ingestion of infected blood by the Cameroonian vectors.
Rose et al. (2020) used a number of microscopy techniques not
only to visualize trypanosome infection within the region of
the proventriculus of tsetse flies, Glossina morsitans morsitans
Westwood 1851 (Diptera: Glossinidae), but also to measure the
thickness of the PM. However, their technique, like that used to
reveal Onchocerca within the blackfly host, required dissection
of the flies.
The objective of our study was to determine if micro-CT could
be used for non-invasive studies of the infection of blackflies
with Onchocerca, without interference from direct, physical
tissue manipulation (tissues were only fixed and stained),
specifically to visualize Onchocerca infection and measure PM
thickness in whole flies, without dissection. We report here the
visualization in three dimensions (3D) for the first time of an L1
larva of an Onchocerca species within the thoracic musculature
of a blackfly, S. damnosum s.l., naturally infected in Ghana.
Materials and methods
Specimen collection
Blackfly pupae were collected from Boti Falls on the Pawn-
pawn river in Ghana (06∘ 10′ N, 00∘ 11′ W) on 6 July 2019.
This site is a well-known breeding site for the forest cytospecies
Simulium squamosum (Enderlain 1921) cytoform “E”. Adults
were reared from the pupae. Only female flies were kept, each
in separate tubes. Similar methods were used to obtain adult
female S. sanctipauli Vajime & Dunbar 1975, “Pra” cytoform
from the Pra River at Sekyere-Hemang (05∘ 11′ N, 01∘ 35′
W), another forest site, on 11 July 2019. Savannah flies (S.
damnosum Theobald 1903 s.str./S. sirbanum Vajime & Dunbar
1975) were obtained from Tainso (=Nipanekro, 08∘ 06′ N, 02∘
06′ W) on the River Tain, a tributary of the Black Volta river.
The adult flies were kept cool using a portable refrigerator
(Dometic Tropicool model TCX14).
Initial attempts to feed some of the flies on cattle, as originally
planned, were mostly unsuccessful. After identifying cattle
with obvious nodules indicative of infections with Onchocerca
ochengi Bwangomoi 1969, only three flies were fed on a cow at
Agborlekame (08∘ 14’ N, 02∘ 12′ W), despite extensive efforts,
including placing flies within a muslin sleeve on a cow’s hind
leg. Attempts with other cattle at Tainso failed as the selected
cow, with obvious nodules, could not be restrained for long
enough.
To obtain blood-fed flies, samples were fed on human volun-
teers at Agborlekame and Tainso. The volunteers were known
onchocerciasis patients, identified as such during ongoing stud-
ies on use of ivermectin for onchocerciasis control (by M.
Osei-Atweneboana). In some cases, opportunistic wild flies fed
on and were collected from other volunteers, after which these
volunteers were given ivermectin to eliminate the possibility of
the transmission of infection.
To obtain samples for examining and measuring the PM,
samples were killed 25–161 min after blood-feeding. In the
hope of obtaining flies infected with larvae of O. volvulus,
other samples were maintained alive in tubes with sugared
water within the portable refrigerator for various times up to
10 320 min (7.2 days) after the blood-meals, since earlier studies
have shown that flies six or more days old were capable of
harbouring infective L3 larvae (Duke, 1968).
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Staining protocols
To increase X-ray absorption of low-density tissues and
enhance overall contrast, blackflies were stained for one week
by immersion in a solution of 1% phosphotungstic acid (PTA)
in 80% ethanol, with continual swirling on a laboratory mixer
and a change to fresh staining solution mid-period. Fly legs were
removed prior to staining to enhance stain penetration. The PTA
bound permanently to the fly tissues and so material could be
held for a lengthy period before scanning without loss of stain
(Metscher, 2009).
Micro-CT studies
Twenty-five blackflies were scanned, 10 to check for
Onchocerca larval infestation (at least 8865 min post-feed, i.e.
>6 days) and 15 to measure the PM soon after feeding (twelve
at 34–48 min post-feed, three at 157–161 min post-feed).
For scanning, each specimen was placed in 80% ethanol in
a 0.2 mL micro-centrifuge tube and scanned in a Zeiss Versa
520 system (Carl Zeiss Microscopy GmbH, Jena, Germany)
with 4x optical magnification, with exposure set to 12 s, current
to 83 μA and voltage to 60 kV. The resulting projections were
reconstructed as tiff stacks with a voxel size of 0.9–1.3 μm3.
Reconstructed data were imported into VG Studio Max 2.2
(Volume Graphics GmbH, Heidelberg, Germany), in which
slice stacks were rendered, reoriented and visualized in the
three principal planes (cross, horizontal and sagittal). The
reconstructed data were also loaded into Avizo Version 2019.1
(Visualization Sciences Group, Bordeaux, France) for manual
segmentation, volumetric measurement and 3D visualization.
Volumetric measurement was performed using the Avizo’s
‘Material statistics’ module. All uses of ‘segmentation’ and
‘segmented’ in this study refer to the manual or automated
process of assigning a label to all voxels that correspond to a
certain structure, thereby enabling that structure to be separated
from the voxels of other tissues or of the background (Rovaris
et al., 2018). For example, in this study, the Onchocerca larva
was segmented by labelling all the voxels that made up its
structure, thereby enabling it to be visualized in 3D and its
volume to be measured by, respectively, selecting and counting
the labelled voxels.
Measurement of thickness of peritrophic membrane
Of the 15 blackflies scanned to compare the thickness of the
PMs of forest and savannah flies, 10 flies killed in the same
period, 34–48 min post-feed, were measured, five forest and five
savannah flies. The mean time after completion of a bloodmeal
that forest and savannah flies were killed was 41.2 and 44.6 min,
respectively. These blackflies were the first five of each fly group
examined with image quality that enabled all the measurements
detailed below to be made. Other flies were scanned, but it was
not possible to unambiguously discriminate the PM at all sites
chosen for measurement and so these flies were rejected.
On the medial sagittal 2D virtual section of each specimen
that was used in the analysis, three measurements were made
of the PM thickness as evenly distributed as possible along each
of the anterior, dorsal and ventral regions (i.e., measurements
at nine PM locations per section per specimen). The PM at
the posterior region was very thin and hardly discernible, so
this region was not considered for measurements. The same
procedure was repeated on two other sagittal virtual sections
on each side of the body, scrolling 30–35 sections laterally
and then a further 30–35 sections for both right and left body
sides. Hence, 45 measurements (at three anterior, three dorsal
and three ventral locations on five sagittal virtual sections) of
PM thickness were performed on each specimen. Measurements
were performed using Avizo’s ‘Measurement’ tool.
We carried out a statistical analysis of the PM thickness data
by fitting an analysis of variance (ANOVA) model with repeated
measurement, but allowing for different error variances for each
PM region of each fly. This was done by fitting a mixed effects
ANOVA model (Pinheiro & Bates, 2000) with PM region and
fly as (nested) random effects using the R Statistical Software (R
Core Team, 2020) and the nlme package (Pinheiro et al., 2020).
Results
Visualization of bloodmeal
The specimens collected ranged from 25 to >10 000 min
post-feed and so presented an opportunity to visualize the
dramatic change in the gut volume as the bloodmeal was
digested (Fig. 1).
Visualization of infection with Onchocerca
Just one of the scanned blackflies (1/25 = 4%), an oppor-
tunistic wild feeder, was found to be infected. This came from
the group that had recently fed, whereas none of the ten flies
that had fed more than six days before killing were infected.
The infected fly had a single first stage (L1) Onchocerca larva,
of the so-called ‘sausage’ (‘saucisse’) shape (Philippon, 1978),
located in the indirect flight muscles (Figs 2 and 3). The larva
was segmented in Avizo and visualized in detail, measuring its
volume and that of the intramuscular space it occupied. The larva
had a length of 218.8 μm, a width of 23–26 μm and volume of
65 898 μm3, occupying 44.9% of the intramuscular space that
had been formed.
Thickness of peritrophic membrane
Discrimination of the PM was not always easy due to similar
X-ray opacity of adjacent tissues, resulting in poor contrast and
poor boundary definition. Therefore, measurements were only
included where the PM thickness was unambiguous. Despite
these difficulties, no differences were detected between the
measurements made by individual investigators and so they were
all pooled and analysed together.
Micro-CT scans showed the PM in both forest and savannah
blackflies preserved soon after feeding (Fig. 4). The bloodmeals
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Fig. 1. False-coloured 3D images of blackflies killed either 40 min (A,
forest specimen) or 10 320 min (B, 7.2 days, savannah specimen) after
completion of a blood meal. Note developing eggs in B. [Colour figure
can be viewed at wileyonlinelibrary.com].
always appeared to be surrounded by the PM, certainly in the
anterior and middle regions, but in the posterior region it was
often difficult to discern in both groups of flies and so its
thickness there was not measured.
The estimated mean PM thickness was slightly larger for forest
flies than for savannah flies, but the difference was not statis-
tically significant (estimated difference = 6.584 μm, standard
error = 3.2877 μm, approximated df = 9, P value = 0.0762).
There was indeed a large variability in the estimated error vari-
ance between PM regions and across flies. For example, the
estimated standard deviation was larger than 2 μm for the mea-
surements of the savannah fly T2 in the anterior region, while it
was less than 0.5 μm in the dorsal region of savannah fly T10.
Figure 5 shows the estimated means of the PM thickness for
each PM region (anterior, dorsal or ventral) and for each fly ori-
gin (savannah or forest), along with 95% confidence intervals
(approximated df = 15).
Discussion
Previous studies have shown that adult S. damnosum s.l. that
have fed on humans infected with O. volvulus have a potential
infection rate of 80% or more (Philippon, 1977). The 4%
infection rate that we recorded here was, therefore, very low, but
this may have reflected both the small sample size and the effects
of the community directed treatments with ivermectin (CDTI)
conducted throughout the study zone, although the efficiency of
these vary geographically within Ghana (Frempong et al., 2016).
(A) (B)
(C)
Fig. 2. Dorsal (A) and lateral (B) false-coloured 3D images of a larva
of Onchocerca in the flight muscle of Simulium damnosum s.l. (savannah
specimen), with a higher resolution image in B just of the larva (dark red)
within the intramuscular space (light red). A virtual 3D cross-section
through the thorax of the fly reveals the larva within the flight muscle
block (C), which is shown in more detail in a higher resolution virtual 2D
cross section. The larva had a length of 218.8 μm, a width of 23–26 μm
and volume of 65 898 μm3, occupying 44.9% of the intramuscular space.
[Colour figure can be viewed at wileyonlinelibrary.com].
The fly in question was a wild fly of savannah origin, caught at
Tainso.
Using non-invasive micro-CT techniques on the single
infected fly that we did find, we were able to visualize an
Onchocerca larva in situ within its host blackfly for the first
time. However, we were unable to determine if the imaged larva
was of O. volvulus or of the cattle infecting species O. ochengi.
Morphological identification of larvae of Onchocerca species
is possible but very difficult and so genetic discrimination
is a more rapid and reliable method (Doyle et al., 2016). A
48-h post-infection first stage larva of O. volvulus dissected
from S. damnosum s.l. was reported to have a length and
width of 210 μm and 18 μm, respectively (Bain, 1969). At 96 h
post-infection a first stage larva had comparable dimensions of
260 μm and 40 μm (Bain, 1969). Trpis et al. (2001) measured
first stage larvae of O. volvulus developing in S. yahense Vajime
& Dunbar 1975 and recorded mean lengths of 226, 171, 243
and 269 μm, respectively, 24, 48, 72 and 96 h after feeding.
Our larva was slightly larger than the 48-h specimens of both
studies, but it is not possible to say if it was in the shortening or
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(A)
(B)
Fig. 3. (A) False-coloured 3D illustration of a larva of Onchocerca sp.
within an intramuscular space in the flight muscle of Simulium damno-
sum s.l. (savannah specimen) with the thorax cut away to reveal the larva
(yellow, with surface smoothed by Avizo software). (B) False-coloured
illustration of the same larva virtually dissected (segmented) away from
the fly tissues to enable 2D measurement of length and width. [Colour
figure can be viewed at wileyonlinelibrary.com].
lengthening phase noted by Trpis et al. (2001) before and after
48 h. The fly was killed just 45 min after feeding and, therefore,
this larva was clearly acquired from an earlier feed. There was
just a single larva present in the scanned fly, but this is typical
of savannah blackfly infections, which in most cases have from
one to three infective larvae (L3) (Davies & Crosskey, 1991),
with means of 1.9 L3 per infective fly, whereas mean numbers
of L3s per infected forest fly range from 4.2 to 6.6 depending
on cytoform (Cheke & Garms, 2013).
The PM of the scanned flies was sufficiently clear in those
flies included in the analysis that its thickness could be mea-
sured. In some specimens, individual layers could be discerned
and an anterior extension from the abdominal midgut into the
non-extended, thoracic region of the midgut. However, tra-
ditional light microscopy following histological staining and
transmission electron microscopy studies deliver better reso-
lution of the PM, albeit with invasive and destructive conse-
quences for the specimens (e.g. Ramos et al., 1994; Reid &
Lehane, 1984; Rose et al., 2020; Sádlová & Volf, 2009).
The mean thickness of the PM measured here, in flies killed
34–48 min after completion of feeding, was mostly in the range
of 10–15 μm (Fig. 5). This is slightly thicker than the means
of 2.6, 4.3, 8.1 and 9.3 μm, respectively, for the PM mea-
sured one hour after feeding of the temperate blackfly species
Simulium vittatum Zetterstedt 1838 (1.5 h after feeding; Ramos
et al., 1994), S. equinum (Linnaeus 1758), S. lineatum (Meigen
1804) and S. ornatum Meigen 1818 (Reid & Lehane, 1984).
(B)
(A)
Fig. 4. (A) Measurement of PM thickness (arrowed at dorsal, anterior
and ventral positions) from mid-sagittal 2D virtual section of Simulium
damnosum s.l. (forest specimen). (B) Same specimen with false colour-
ing of a 3D virtual section at the same position as in A, showing midgut
(green), bloodmeal (red) with peritrophic membrane left as the grey
tissue between the coloured layers. [Colour figure can be viewed at
wileyonlinelibrary.com].
Like us, Reid & Lehane (1984) observed great variation in
the thickness of the PM, in all species they studied and at
all times, with some species showing distinct layers and some
none. As the PM acts as a barrier to infection of the fly with
Onchocerca, this potential great variation in its thickness prob-
ably explains the great variation in fly infection efficiency, with
Duke & Lewis (1964) recording from 0-96% of ingested micro-
filaria escaping the membrane within 6-10 h, depending on the
fly dissected, a mean proportion of 44%. Of microfilariae that did
escape the PM, it was estimated that 91% developed to infective
larvae.
Our results do not support the hypothesis that forest black-
flies have a thinner PM, which would allow them to develop
more Onchocerca L3 larvae than savannah blackflies. However,
our sample sizes were small and we were unable to measure
the thickness of the PM of either group of flies in the posterior
region. Therefore, not knowing where the larvae pass through
the PM, we cannot rule out the possibility that differences
between savannah and forest flies in that posterior region might
contribute to a difference in susceptibility to Onchocerca infec-
tion. It would clearly be worthwhile repeating these studies on
blackflies that were collected sooner after feeding than our flies,
when the PM would be thinner (Reid & Lehane, 1984), ideally
within the first 30 min of feeding when most microfilariae that do
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Fig. 5. Plot of peritrophic membrane (PM) thickness (means ±95% CI, n = 5 flies per graph point) in three PM regions (A = anterior, D = dorsal and
V = ventral PM) for blackflies of either forest or savannah origin, killed 34–48 min after a human blood-meal.
escape the PM have been recorded to escape (Laurence, 1966).
Some microfilariae can even be detected within the thorax within
30 min of completion of feeding (Basáñez et al., 2009). The
original hypothesis that we were testing is probably overly
simplistic, because Eichner et al. (1991, referring to Duke
et al., 1966) reported that, “In Cameroon, microfilariae of the
forest strain develop much better in blackflies from the forest
than in those from the [Sudan-]savanna and vice-versa”. Nev-
ertheless, it remains possible that more larvae can penetrate the
PM in forest flies if there are differences in the speeds of the
membranes’ development or if those of the forest flies do not
get so well sealed, but our data suggest that alternative explana-
tions for the observed differences in parasitism rates need to be
sought.
Our initial studies have shown that micro-CT investigations
can complement other fundamental studies of the development
of NTD disease agents within their vector hosts, thereby helping
to highlight new avenues for tackling the disease in the vector.
The specimen staining took one week but required no opera-
tor input. The image processing took in the order of 2–5 h per
specimen depending on what was required. This is undoubt-
edly longer than a classic dissection, but different and unique
sets of information (such as structure volumes) can be deliv-
ered. For onchocerciasis, it will be possible to follow progress
of Onchocerca development within a series of infected flies,
shedding light on its differential development within different
vector species. Our measurement of the intramuscular space
occupied by the larva demonstrates that it will also be possi-
ble to investigate the damage done to the blackfly tissues due
to Onchocerca infection, both qualitatively and quantitatively.
The damage caused by third stage larvae is especially profound
(Trpis et al., 2001), with potential consequences for fly survival
and, therefore, transmission.
In addition, health education has been identified as cru-
cial in efforts to control or eliminate NTDs (Dejeux, 2001).
Images produced by this study and future studies could have
significant value in health education. In conclusion, although
this initial study focused on blackflies, it demonstrates the
potential for wider use of micro-CT in the research and man-
agement of NTDs, providing novel information on many
other parasite/vector systems and impactful images for public
engagement.
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